The aim of the present study was to assess the effects of medium-chain fatty acid (MCFA) diet supplementation on growth performance, intestinal histomorphology, serum biochemistry and intestinal microflora of broiler chickens. The study was performed on 180 one-day-old broilers of the same origin (Cobb 500 hybrid), over a 42-day period. They were fed diets supplemented with three treatments: control group (basal diet without supplementation); group with MCFA supplementation; and group with MCFA and coccidiostat supplementation. Broiler chickens fed diets supplemented with MCFAs had a significantly greater final bodyweight. The weights of carcass cuts (breast, drumsticks with thighs and wings) were greater in broilers receiving MCFAs than in control broilers. The addition of MCFAs to broiler diet significantly increased villus length and crypt depth in the duodenum and caecum, and significantly decreased villus width in the duodenum and ileum. Additionally, serum HDL-cholesterol and triglyceride concentrations were increased significantly in broilers with MCFA dietary supplementation. The results indicated that the MCFA diet supplementation had a beneficial effect on the performance of broiler chickens, their intestinal histomorphology and microflora. ______________________________________________________________________________________
Introduction
Poultry meat is an important food resource for many people. Consumers are becoming increasingly concerned about the nutritional and health aspects of their food (Baltić et al., 2015; Janjić et al., 2015) . The production of high-quality poultry meat has been a constant objective of the meat industry for many decades. The main goal is to obtain meat with high lean percentage and good meat quality traits at the same time (Baltić et al., 2011; Glamočlija et al., 2016) .
Feed fats are routinely included in broiler diets as a source of essential fatty acids and energy. The use of various fats can influence broiler performance and carcass characteristics owing to differences in fatty acid chain length, degree of saturation and degree of esterification (Wang et al., 2015) . Fatty acids with a chain length between 6 and 12 carbon atoms are regarded as medium-chain fatty acids (MCFAs). MCFAs are more effectively absorbed and metabolized than saturated long-chain fatty acids, and have antimicrobial properties, as shown in mammals and birds (Zentek et al., 2011) . Adding MCFAs to a broiler diet to replace part of the soybean oil and animal fat has been shown to improve feed conversion efficiency (Van der Hoeven-Hangoor et al., 2013) . Additionally, body fat deposition can be reduced by MCFAs (Wang et al., 2015) and breast meat yield can be enhanced (Shokrollahi et al., 2014) .
Many in vitro studies have confirmed the antimicrobial properties of MCFAs against enteric pathogens (protozoa and bacteria) (Newell & Wagenaar 2000; Bruggeman 2002; Van Immerseel et al., 2004; Skrivanova et al., 2005; Kabara & Marshal 2005; Hermans et al., 2011) . To consider such antibacterial properties, MCFAs, such as new non-antibiotic feed additives, are helpful in bolstering healthy gastrointestinal conditions in broilers. Based on research with poultry, MCFAs can be an alternative to antibiotic growth promoters. Aromabiotic is a commercial product, which contains a mixture of MCFAs that demonstrate antimicrobial, physiological and immunological properties (Isaac et al., 2013) . It was reported that Aromabiotic decreased the invasion of enteric pathogens, decreased mortality and had positive effects on growth performance and intestinal histomorphology in broiler chickens (Khosravinia, 2015; Gutierrez et al., 2006) and Japanese quail (Saeidi et al., 2016) . Numerous natural products, such as sources of fats containing high concentrations of n-3 fatty acids or feedstuffs, have been tested as anticoccidial dietary additives (Tan & Long, 2012) . MCFAs have been found to have anticoccidial activity in calves and antiprotozoal activity in dairy cattle, swine, sheep, goat and infant animals (Tan & Long, 2012) .
The objective of this study was to evaluate the effect of dietary supplementation with MCFAs on growth performance, intestinal histomorphology and microbiota and serum biochemistry of broiler chickens, for 42 days.
Materials and Methods
The experimental protocol was approved by the Veterinary Directorate of the Serbian Ministry of Agriculture, Forestry and Water Management and the Ethics Committee of the Faculty of Veterinary Medicine, University of Belgrade.
A total of 180 one-day-old broilers of both sexes and the same origin (Cobb 500) were used in this study in a 42-day period. Birds were randomly assigned to one of three dietary treatments (control and two experimental groups), each having 6 replicates (10 birds in each replicate). Birds were placed in an environmentally controlled room (stocking density 6 birds/m 2 ) with 5 cm thick sawdust. The temperature in the room was 32 °C from days 1 to 5, then gradually lowered to 22 °C on day 21. This temperature was maintained until the end of the study. Relative humidity was 45% -50%. The lighting of the rooms was 24 hours. Water and feed were supplied ad libitum throughout the study. (ASE 200, Dionex, Germany) . After evaporation of solvent until dryness under the stream of nitrogen, total lipids were converted to fatty acid methyl esters (FAME) by trimethylsulfonium hydroxide. FAMEs were determined with a Shimadzu 2010 gas chromatograph equipped with flame ionization detector (FID) and cianopropyl HP-88 capillary column (100 m x 0.25 mm x 0.20 μm) (Trbović et al., 2011). From the start of the trial, each group of broilers was fed with one of three experimental diets, which comprised the same basal diet, and differed only in additive supplementation (MCFAs or coccidiostat). The basal diet was formulated to meet the maintenance and growth requirements of the animals used in the study. Broilers were fed from day 1 to day 42 in three phases with three nutritionally different concentrated feed mixtures, namely starter (up to 10 days), grower (11 -21 days) and finisher (22 -42 days) mixtures. The broilers in the control group were given a diet without MCFAs or coccidiostat (C group). The other two treatment groups were given the same diet as the control group (C group), but were supplemented with MCFAs (Aromabiotic R , Nuscience, Belgium) (E-I group) and MCFAs (Aromabiotic) with coccidiostat (salinomycin, 500 mg/t feed, 1 -35 days) (E-II group). Commercially prepared MCFAs (60%) (Aromabiotic) was added to the feed (starter: 0.16%, grower: 0.12% and finisher: 0.10%) for the experimental groups (E-I and E-II), at the producer-recommended rate in the feed mixture. The fatty acid composition of Aromabiotic is shown in Figure 1 .
The ingredients and chemical composition (calculated analyses) of the basal diets are listed in Table  1 . Growth performance of broilers was evaluated by recording bodyweight gain, feed intake and feed conversion ratio (FCR) during the 42-day experimental period. Feed intakes of birds were recorded on a pen basis, the uneaten feed was discarded, and fresh feed was placed in feeders at the end of each day. FCR was calculated as the amount of feed consumed per unit of bodyweight gain.
At the end of the study, animals were transported to a slaughterhouse and then weighed individually, stunned electrically and immediately slaughtered by severing the jugular veins. Subsequently, animals were processed following standard industrial techniques and hot carcass weight was recorded. After evisceration, liver weights were measured. During the first 24 hours post mortem, carcasses were stored in a ventilated cold room at 2 °C, after which cold carcass weight was measured. After chilling, the carcasses of broilers from each group were separated into breast, drumsticks with thighs, wings, neck and back with pelvis. The various carcass parts were weighed.
For morphological and histological analyses, tissue samples from the duodenum, ileum and caecum were collected from the slaughtered birds and fixed in 10% buffered formalin saline. Tissues were dehydrated by immersing through a series of alcohols of increasing concentrations (from 70% to absolute), infiltrated with xylene, and embedded in paraffin. A rotary type microtome was used for cutting the paraffin sections. Sections 5 to 8 µm in thickness were cut and stained with Mayer's haematoxylin and eosin (HE) and with a combination of periodic acid Schiff stain and Alcian blue (PAS-AB) (Yamabayashi 1987; Smirnov et al., 2005) . Analysis was performed using a light microscope (Olympus BX53) with the objective magnifications x 4 and x 10. Morphometric examinations were carried out using Olympus cellSens software (http://www.olympusamerica.com) and included these measurements: ileal villi height and width, ileal crypt depth and caecal crypt depth (Bergamo et al., 2016) .
The pH of various segments of the digestive tract was determined with a digital pH meter (TESTO 205, Germany).
Blood samples were collected from the slaughtered birds in non-heparinized tubes. The samples were centrifuged at 3000 rpm for 15 minutes, and the serum was stored at -20 °C until analysis. HDL-cholesterol and triglyceride were determined by the auto analyser (CentroLIA LB 961, Berthold Technologies, Germany) using commercial kits from Accurex biomedical company.
Samples for bacteriological examination were taken directly from the intestines with a sterile syringe. Serial dilutions were prepared down to 10 -8
. Duplicate plates of selective media were inoculated with 0.1 mL of each dilution to determine the bacterial species defined by standard laboratory methods. Total Enterococcus species, Escherichia coli strains and Staphylococcus aureus were counted on UTI agar (urogenital tract infections agar) (HiMedia) after incubation for 24 hours at 37 °C, while lactic acid bacteria (LAB) counts were determined on selective MRS agar (de Man, Rogosa and Sharpe) agar supplemented with 20 mg/mL vancomycin (Sigma Aldrich) and 2 mg/mL cefotaxime (Sigma Aldrich), after incubation for 72 hours at 30 °C. Microaerophilic atmospheres, used for the growth of lactobacilli on agar plates, were obtained using the Anaerocult R C (Merck KgaA, Darmstadt, Germany). Based on the appearance of colonies and cultural characteristics, subcultivation was performed on suitable substrates to obtain pure bacterial cultures. After cultivation, morphological and biochemical characterization of the isolated bacteria were conducted.
Statistical analysis of the results was conducted with GraphPad Prism software version 6.00 for Windows (GraphPad Software, San Diego, CA, USA, www.graphpad.com). All parameters were described by means and standard error of means (SEM). One-way ANOVA with Tukey's post hoc test was performed to assess the significance of differences among control and experimental groups. Values of P <0.05 were considered significant. Table 2 shows growth performance and carcass characteristics of broilers in the study. At the end of the study, significant (P <0.05) differences in weight gain and final bodyweight were found between control and experimental groups receiving diets containing MCFAs and coccidiostat. Feed intake for the overall period of the study was lower in the control group than in the group with MCFAs (E-I group) added to feed and in the group with MCFAs and coccidiostat added to feed (E-II group) (P >0.05). Broilers fed only with the basal diet showed a higher FCR (from day 0 to day 42) than E-I group and E-II group.
Results
The cold carcass weight was significantly lower in the control group than in the E-I and E-II groups. Dressing percentage was lower in the control group compared with the other groups. Basic cuts of broiler carcasses (breast, drumsticks with thighs, wings, neck and back with pelvis), presented as weight and calculated percentage of carcass, differed significantly among the broiler groups. Supplementation of MCFAs significantly improved the yield of carcass cuts, in which the control group had lower (P <0.05) weight of breast, drumsticks with thighs and wings compared with the other experimental groups. The effects of MCFA and coccidiostat on intestinal morphometric parameters expressed as means of crypt depth, villus width and villus length for all groups are shown in Table 3 . Some typical photomicrographs are shown in Figure 2 . In this study, the inclusion of MCFAs in the diet increased the duodenal villus length (P <0.05). A numerically but not statistically significant increase in crypt depth was observed in the E-II group compared with control and E-I. The dietary treatment affected the villus length/depth ratio (P <0.05) of duodenum, as this was greater in both experimental groups (Table 3) . The ileal villus crypt depth was significantly decreased in broilers with MCFA and coccidiostat supplementation compared with the control group (P <0.05). Moreover, MCFA supplementation decreased the villus width and villus length (P <0.05) compared with the other groups (P < 0.05). Furthermore, coccidiostat supplementation decreased the ileal villus length/depth ratio significantly (P <0.05). In the caecum, the crypt depth of E-II group was numerically, but not statistically significantly greater than it was in control and E-I group (Table 3) . Supplementation with MCFAs and coccidiostat (E-II group) significantly increased (P <0.05) villus length in caecum. Also, the combination of MCFAs and coccidiostat significantly increased (P <0.05) the villus length/depth ratio.
Feed with MCFAs and coccidiostat resulted in increased pH of the duodenum (P <0.05) ( Table 4 ). The pH of the ileum did not change markedly when MCFAs and coccidiostat were supplemented in the diet, although the pH tended to decrease when diet was supplemented with MCFAs only. In the caecum, the pH was significantly decreased (P <0.05) in E-I group compared to that in the control and E-II group. The mean values of serum biochemistry parameters (HDL-cholesterol and triglyceride) of broiler chickens fed MCFA-supplemented diets are shown in Table 5 . Supplementation of MCFAs or MCFAs and coccidiostat produced no significant differences (P >0.05) in the mean concentration of HDL-cholesterol in the broilers' sera. There was a significant increase (P <0.05) in the triglyceride levels in the broilers fed diets supplemented with MCFAs compared with the control group. The results of microbial community analyses in the various segments of the intestinal tract are presented in Table 6 . The highest counts were measured in the caecum. None of the dietary treatments affected the E. coli or S. aureus counts in the ileum or caecum. Enterococcus spp. and LAB counts, on the other hand, were significantly (P <0.05) influenced by both dietary treatments, except Enterococcus spp. counts in caecum, where no significant differences were detected. The lowest LAB and Enterococcus spp. counts were observed in the ileum of broilers fed E-I, while in the caecum, the lowest LAB count was in E-II group fed diet with MCFAs and coccidiostat. In duodenum, the lowest numbers of all bacterial groups were observed in control broilers, except S. aureus count which was the lowest in E-I broilers. 
Discussion
Numerous studies have suggested that the effectiveness of MCFAs on growth stimulation of birds would produce a final result of improved gastrointestinal ecosystem, with ensuing augmented intestinal environment, integrity of the intestinal mucosal barrier, digestive and immune function of intestine and broiler health (Tellez et al., 2006; Mountzouris et al., 2010; Hayat et al., 2014) . The results of this study indicate that broiler performance was affected positively by adding MCFAs to the broiler diets. There are relatively few literature data on the effect of MCFAs on broiler production. De Los Santos et al. (2008) found that supplementation with 1.4% caprylic acid (an 8-carbon MCFA) in a regular chick starter diet reduced feed consumption. This result is similar to those of the present study. The effect of MCFAs has been studied extensively in other animals. Miller et al. (2009) reported that no differences occurred with regard to feed intake, feed efficiency and weight gain in grower and finisher pigs when fed diets with 1%, 3% and 6% MCFA oil compared with diets containing the same amount of tallow, pig fat or corn oil. However, these results are at variance with those of Dove (1993) , who showed that dietary inclusion of 5% MCFAs provided the greatest increase in weight gain and a better feed conversion for post-weaning piglets compared with other sources of fat (soybean oil and animal fat). Bodyweight gain and feed intake of White Leghorn chicks decreased with diets containing 10% MCFA oil (Furuse et al., 1992) .
The beneficial effect of MCFA supplementation in broiler diets in terms of increased final bodyweight and FCR is documented in studies from several research groups (O'Dea et al., 2006; Timmerman et al., 2006; Onderci et al., 2008; Bansal et al., 2011) . This was also the case in the present study, at 42 days, even though there was no difference in feed consumption between broilers fed diet supplemented with MCFAs and the broilers in our control group. The improvement in live bodyweight at the end of the growth phase due to the supplementation of MCFAs was presumed to be a result of bacterial antagonism, competition for colonization site, competition for nutrients, a reduction in toxic compounds or modulation of immune system (Applegate et al., 2010) . In the present study, the broilers supplemented with MCFAs and coccidiostat had a significantly higher hot carcass weight compared with broilers from the control group. The MCFAs in diets had a marked positive effect on some carcass cuts (breast, drumsticks with thighs and wings), as these weighed significantly more in broilers fed MCFA-treated diets than in broilers fed only basal diet. Conversely, other studies showed no broiler performance improvement when birds received MCFAs in comparison with control birds and birds fed antibiotics (Gunal et al., 2006; Vieira et al., 2008) . However, at the moment, numerous studies suggest that MCFAs have growth-promoting properties and can be used as alternatives to antibiotics and anticoccidiostats (Tan & Long, 2012; Khan & Iqbal, 2016 ).
In the current study, the positive response of broiler growth performance in final bodyweight as a result of inclusion of MCFAs in the diet might partly be explained by intestinal histological changes and villus characteristics.
Good intestinal health in the poultry industry is of great importance in achieving target growth rates and feed efficiency. MCFA supplementation significantly increased the villus width, height and area of the duodenum, jejunum and ileum of broiler chicks at 14 days old (Garcıá et al., 2007; Kum et al., 2010; Rodríguez-Lecompte et al., 2012; Sultan et al., 2015; Abudabos et al., 2017) . Thus, MCFA supplementation increased both the villus height and crypt depth. Leeson et al. (2005) and Panda et al. (2009) reported that MCFAs in broilers' diet improved the villus length and crypt depth in the duodenum, so concluded this supplementation could be highly helpful to young birds for intestinal development. In another study, the highest duodenal and ileal villus heights were recorded in birds fed diets supplemented with MCFAs (Adil et al., 2010) .
In the current study, broilers fed MCFA-supplemented diets had increased duodenum villus length. Increases of villus length could cause greater enzyme production and better digestion by increasing the effective absorptive area and improving the nutrient transport system (Awad et al., 2009) . The increase of villus length of different segments of the intestine (duodenum and caecum), as the authors measured, may be attributed to the role of the intestinal epithelium, as a natural barrier against pathogenic bacteria and toxic substances that are present in the intestinal lumen. Pathogens and toxic substances cause disturbances in the normal microflora and in the intestinal epithelium that could alter the permeability of this natural barrier, facilitating the invasion of pathogens and modifying the metabolism, so leading to chronic inflammatory processes at the intestinal mucosa (Khan, 2013) . Organic acid salts reduced the growth of many pathogenic intestinal bacteria. Consequently, MCFAs reduced intestinal colonization and the infectious process, decreased the inflammatory process at the intestinal mucosa, and this improved villus length and function of secretion, digestion and absorption of nutrients (Khan & Iqbal, 2016; .
MCFA supplementation did not affect serum HDL-cholesterol level, while serum triglyceride concentration was significantly increased in treatment groups of broilers. Contrary to these results, Cater et al. (1997) demonstrated HDL-cholesterol reductions in human beings on diets rich in MCFAs or oleic acid.
The triglyceride-increasing effect of MCFAs observed in the present study is supported by the results of Hill et al. (1990) . However, the effects of MCFAs on triglyceride and cholesterol seemed to be contradictory, since triglyceride and cholesterol secretion are regulated in a coordinated manner (Marten et al., 2006) . One possible explanation could be that higher MCFAs stimulated insulin secretion and promoted anabolic-related processes (Hill et al., 1990) . Thus, increased de novo fatty acid synthesis would lead to an increase in triglyceride production (Hill et al., 1990) .
The low counts of LAB, Enterococcus spp., S. aureus and E. coli that were determined in the ileum might be explained by MCFAs being incorporated into bacterial cell membranes or entering bacterial cells in undissociated form and so negatively influencing the bacterial metabolism (Desbois & Smith, 2010; Zeitz et al., 2015) . Besides reduction of gram-positive and gram-negative pathogens, dietary fatty acids might inhibit beneficial bacteria such as Lactobacillus (Van der Hoeven-Hangoor et al., 2013) , which was shown in the present study. On the other hand, lower counts of these bacteria in the duodenum of the control broilers might be due to the larger influence of dietary MCFAs in those parts of the gastrointestine that are crucial to nutrient absorption (jejunum and ileum) (Zeitz et al., 2015) . The lowest LAB count, which was found in the caecum of the E-II broilers, could be because coccidiostat, beside direct suppression of coccidia, was observed to suppress the major groups of gram-positive bacteria such as LAB and C. perfringens, thus facilitating the hosts' direct competition for nutrients (Józefiak et al., 2013) . Coccidiostat also decreased the microbial deconjugation of bile salts, thus improving fat digestibility, growth and feed utilization in birds (Józefiak et al., 2013) . The E-I group broilers had lower LAB count than the control broilers, which demonstrates that dietary MCFAs modulated the microbial ecology of the broiler gastrointestinal tract in a manner similar to coccidiostat. Higher LAB count in caecum of broilers fed dietary phytobiotic could also be due to formation of soaps with Ca, which reduce antimicrobial properties (Zeitz et al., 2015) .
Conclusion
Dietary MCFA supplementation should be considered an alternative non-antibiotic feed additive (growth promoter). The beneficial effect of dietary MCFAs, which are reflected through the better production results and improved microbiological status of broilers, can be attributed to the effects that MCFAs have on the digestive tract, preserving its integrity, improving morphometric parameters, and changing the intestinal microflora.
